Abstract-The safe operating area (SOA) of InGaP/GaAs heterojunction bipolar transistors (HBT) has been studied using two-dimensional (2D) Technology Computer-Aided Design (TCAD) tool. The hydrodynamic transport based impact ionization and self-heating models were implemented. The DC simulation result shows two distinct SOA boundary regimes corresponding to different dominant mechanisms, which is in good agreement with analytical modeling and experimental results. The simulation not only gives us insight to the detailed failure mechanisms but also provides guidance for the design of devices with better ruggedness and improved SOA performances.
INTRODUCTION
GaAs based heterojunction bipolar transistors (HBTs) are widely used for power amplifiers in today's wireless communication systems. This technology offers high power density, high efficiency and high linearity. But the increasing demand for high performance puts a stringent requirement for the device ruggedness [1] [2] [3] [4] [5] [6] . A clear understanding of the devices' SOAs and an accurate way to characterize them are extremely important.
Recently, the SOAs of industrially fabricated InGaP/GaAs HBTs have been intensively studied [4, 7] . A typically measured SOA boundary under DC operation for an intrinsic device (with no added ballasting resistors) is shown in Fig. 1 , in which with stepping constant base voltage and sweeping the collector voltage, the collector current density is monitored until the device fails. Two distinct regions are clearly seen in the SOA boundary. One is at high currents and low voltages and the other at low currents and high voltages. The I-V characteristics before failure in these two regions are very different. At low voltages and high currents, the current goes up quickly with V ce , reaches a maximum, and then comes down before it fails. At low currents and high voltages, however, the current usually bends up before it fails. The analytical modeling in [7] has successfully demonstrated the same phenomenon as observed experimentally. It shows that at low voltages and high currents, the failure is controlled by the impact ionization because of the Kirk effect induced breakdown, and at low currents and high voltages, the failure is governed by the self-heating effect. The physical picture of the device operation around SOA boundary, however, could not be clearly illustrated with the simplified analytical models. TCAD tool has been well recognized for revealing the operational mechanisms of the compound semiconductor devices [8, 9] . In this work, we perform 2D numerical simulations using TCAD tool, for the first time, to investigate the mechanisms of HBT's SOA formation.
II. 2D SIMULATION SETUP
The TCAD tool Sentaurus is used for the simulation of a InGaP/GaAs HBT as shown in Fig. 2 . The epi-layers are typical in industry which is the same as used in [7] . The substrate thickness is 300µm and a thermal contact is assumed to be on the backside. Hydrodynamic model that accounts for the energy transport between the carriers and lattice is used [10] .
The carrier generation rate due to the impact ionization (ii) is expressed by    Fig. 1 . SOA measurement for devices of emitter area 24 μm 2 with constant Vb inputs. The red dots indicate the failure points the envelop of which defines the boundary of the SOA [7] . The current snapbacks following each failure point are not shown here.
where and denote electron and hole respectively, and are the impact ionization coefficients, and and are the velocities. An empirical model is used for and :
where , , , and are coefficients, is the temperature difference from 300K, and is the effective field that is dependent on the carrier temperature [10] . The coefficient values are based on the reported data [11] but adjusted according to our breakdown measurement.
The temperature dependent band gap is calculated using
where is the band gap at temperature of zero, and , are coefficients. The band gap of ternary materials such as In x Ga 1-x P is calculated by    where and are the band gaps of InP and GaP respectively, and is the bowing parameter [12] . The low field mobility is doping concentration ( ) and temperature ( ) dependent and expressed as [13] 
where , , , , and are coefficients. The lattice thermal conductivity is expressed by
where is the thermal conductivity at 300K and is a coefficient.
for ternary materials is calculated by the interpolation of the two basic materials in the same fashion as abovementioned band gap. The lattice specific heat is assumed to be constant since the data shows it has no significant change above 300K [12] . The detailed descriptions about all the parameters and coefficients, and calibrated DC and RF simulations will be reported separately.
For the thermal boundary conditions, we define a constant temperature of 300K on the backside of the substrate, and a thermal dissipation surface simply on the emitter metal.
III. RESULTS AND DISCUSSION
The simulated collector current density (J c ) as a function of collector voltage (V ce ) with stepping constant V be from 1.3V to 1.5V is shown in Fig. 3 . The device has an emitter size of 212m 2 . The solid red dots are the failure points where the J c exhibits snapback which is exactly the same as in the measurement [4, 7] . The boundary of SOA that is formed with these failure points demonstrates two distinct regions as experimentally shown in Fig. 1 : one is of low currents and high voltages, and the other is of high currents and low voltages, We first focus on the device operations around failure points 1 and 4, which represent two different SOA regimes. Fig. 4 shows the calculated effective electric field in the collector along the center line of the device (see Fig. 2 ) at failure points 1 and 4. The normalized distance of zero and one indicate the base/collector and collector/sub-collector junctions respectively. For comparison, the simulated field at the condition of BV cbo (emitter is open) is also displayed. This BV cbo of 24V is well aligned with measured data [7] , which implies that the peak field (~ 3.3E5V/cm) is the avalanche threshold. It's obvious that impact ionization is not responsible for the failure at point 1, since the electric field (< 1.5E5V/cm) is way below the aforementioned avalanche threshold. At point 4, however, the peak field is located at collector/sub-collector junction due to "Kirk" effect (to be discussed next) and the field strength is almost the same as the avalanche threshold. This shows that the impact ionization is responsible for the failure at point 4.
To further reveal the physical mechanism for the high current regime, we study two more bias conditions indicated by points 2 and 3 in Fig. 3 . The simulated 2D profiles of effective electric field and lattice temperature of the device for the points 2, 3 and 4 are shown in Fig. 5 and Fig. 6 respectively. With increasing collector current from point 2 to 3, the "Kirk" effect occurs and then the collector current drops due to the severe base push-out at point 3. During the device operation from point 3 to 4, we can see the peak temperature increases dramatically up to over 700K because the total power continues to go up. It is noted that the peak temperature might be overestimated because the emitter contact is not the only surface for thermal dissipation. 3D thermal simulation [4] shows that at such a high power density, the peak temperature in the device is still more than 600K. Interestingly the device doesn't fail with such a high temperature until the peak electric field moves toward the collector/sub-collector junction and reaches the avalanche threshold at point 4. This demonstrates that the failure is caused by the "Kirk" effect induced breakdown.
At point 1 in Fig. 3 the device fails due to the thermal effect that causes the device to enter into an unstable condition [7] . Fig. 7 shows the self-heating effect at low current range (V be = 1.325V). The snapback point (as denoted II) of the simulated curve without self-heating model is greater than the one (as denoted I) with self-heating model implemented by more than 6V. In other words, the SOA boundary at low current is dominated by the self-heating mechanism. We can also see that the snapback behavior with self-heating effect is much sharper and more abrupt than that without self-heating. This is in agreement with our experimental observation. To demonstrate more thermal effect, we look into the device temperature for two points (1a and 1b) in Fig. 7 , which have identical V ce of about 10.5V that is slightly smaller than the failure point I. Point 1a and 1b are before and after failure respectively. It's found that for the same V ce and V be the device exhibits two significantly different thermal conditions and the temperature difference is up to 50 degree. The two different solutions in this situation is the cause for device instability and device failure [7] .
IV. CONCLUSION
InGaP/GaAs HBTs operated around the SOA boundary have been studied using the TCAD 2D numerical simulation tool. Both self-heating and impact ionization models are implemented in the simulation to allow us to study the failure mechanisms of the devices. The simulation results, in agreement with the experiments, revealed that the SOA of a bare HBT (without ballasting resistors) under DC operation (constant V b mode) exhibits two distinct regions. In the low voltage and high current region, the dominant failure mechanism is the "Kirk" effect induced breakdown which occurs at the collector/sub-collector junction; in the high voltage and low current region, the dominant failure mechanism is the thermal runaway instead of impact ionization. This observation from the simulation is in an excellent agreement with the analytical modeling and the experimental measurement. This work demonstrates that the 2D simulation by TCAD is useful not only in predicting the I-V characteristics of a device, but also in understanding why and how a device fails. It can certainly aid us in designing HBTs with better ruggedness and larger SOAs in the future. 
